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Summary 

An investigation was conducted in the Langley 
16-Foot Transonic Tunnel to determine the aero- 
propulsive performance characteristics (the aerody- 
namic quantities affected by propulsion) of 13 iso- 
lated combined turbojet/ramjet nozzle configura- 
tions. These configurations simulated the variable- 
geometry features of two nozzle designs designated 
as the multiple- expansion ramp nozzle (MERN) and 
the composite contour nozzle (CCN). Test data were 
obtained at static conditions and at Mach numbers 
of 0.60, 0.90, and 1.20 while angle of attack was held 
constant at 0°. High-pressure air was used to sim- 
ulate jet flow, and the nozzle pressure ratio of the 
simulated turbojet portion of the nozzle was varied 
from 1.0 (jet off) to approximately 20, depending 
on the configuration and free-stream Mach number. 
Since there was only a single air supply, the ramjet 
pressure ratio was a function of the turbojet pres- 
sure ratio and this function was varied by the use 
of choke plates with varying porosity. The results 
showed that the CCN had the higher performance 
over the Mach number range than the MERN, as 
indicated by the difference of thrust minus drag di- 
vided by ideal thrust. Increasing the ramjet throat 
area for the MERN resulted in an increase in per- 
formance that increased with Mach number. For the 
CCN at Mach numbers less than 1.20, increasing the 
ramjet throat area resulted in a loss in performance. 

Introduction 

Studies reported in references 1 through 7 indi- 
cate the feasibility of hypersonic, blended wing-body 
types of aircraft using turbojet and ramjet engines 
to provide propulsion over a widely diverse flight en- 
velope (at Mach numbers from 0 to 5 and from sea 
level to an altitude of 100000 ft). This combined 
propulsion system couples turbojets arranged in par- 
allel above separate ramjets. Climb and acceleration 
to a flight Mach number of 0.80 are accomplished 
with only the turbojets operating because the ram- 
jets produce little or no thrust below this Mach num- 
ber. Both turbojets and ramjets operate from a flight 
Mach number of 0.80 to the point of turbojet shut- 
down. After turbojet shutdown, the turbojet sub- 
sonic duct is sealed and the vehicle accelerates to 
cruise with ramjets only. Figures 1 and 2 show a 
possible installation of the turbojet/ramjet propul- 
sion system on the bottom aft portion of a hypersonic 
aircraft. These figures also indicate the appearance 
of the multiple-expansion ramp nozzle and the com- 
posite contour nozzle. 

The purpose of this investigation was to de- 
termine the aeropropulsive performance character- 


istics (that is, the aerodynamic quantities affected 
by propulsion) such as thrust, drag, normal force, 
and pitching moment of two turbojet/ramjet nozzle 
concepts at flight Mach numbers up to 1.20. These 
concepts are referred to as the “multiple-expansion 
ramp nozzle” (MERN) (because both the turbojet 
and ramjet exhausts expand on ramp nozzles) and 
the “composite contour nozzle” (CCN) shown in ref- 
erence 7 (because the nozzle is composed of both the 
turbojet nozzle and the ramjet nozzle), with the lat- 
ter contoured to reduce expansion losses of the ramjet 
exhaust. 

These nozzles were tested in the Langley 16-Foot 
Transonic Tunnel at static conditions and at free- 
stream Mach numbers of 0.60, 0.90, and 1.20. The 
simulated turbojet nozzle pressure ratio was varied 
from 1.0 (jet off) to approximately 20, and the angle 
of attack was maintained at 0°. 

Symbols 

Model forces and moments are referred to the 
body-axis system with the positive directions shown 
in figure 2 and the model moment reference center 
located at model station 32.950 in. on the model 
centerline. 

A c ^ increment of model cross- 

sectional area at metric break 
station 24.000 in. (see appendix), 
in 2 


A e,RJ 

exit area of simulated ramjet 
nozzle (see figs. 5 and 9), in 2 

- 4 e,TJ 

exit area of simulated turbojet 
nozzle (see figs. 5 and 9), in 2 

A e, total 

total exit area (see figs. 5 and 9), 
in 2 

^max 

model cross-sectional area (maxi- 
mum), 35.946 in 2 

Ah,RJ 

throat area of simulated ram- 
jet nozzle (see figs. 5 and 9). 
3.014 in 2 or 7.634 in 2 

^th.TJ 

throat area of simulated turbo- 
jet nozzle (see figs. 5 and 9), 
3.300 in 2 

■4th, total 

= ^th,Rj + A th)T j, in 2 

•<4 wet 

surface wetted area (see appen- 
dix), in 2 

C DJ 

aerodynamic skin-friction drag 
coefficient (see appendix), 

D f /•'4max<7oo 



pitching-moment coefficient . 
positive in nose-up direction 
for model as shown in figure 2, 
Aiy / -Ania xPa^ for Ad — 0 and 
My/Any^qool for M > 0 

Cn 

normal-force coefficient, positive 
in up direction for model as 
shown in figure 2, 7V/X max p a 
foi M — 0 and TV"/ -^4in<ix^/oc foi 
MX) 

()> 

J) Pqc 

pressure coeffi(‘ient . 

( io o 

c 

chord, in. 

D J 

aerodynamic skin-friction drag 

Df. aft 

aerodynamic skin-lriction drag 
on afterbody portion of model 
between stations 24.000 and 
43.700 in., lbf 

D n 

total nozzle drag (aft of station 
43.700 in.), lbf 

F 

thrust along body axis, corrected 
as indicated in appendix, lbf 

I’ A .bill 

axial force measured by balance 
(see appendix), lbf 

^ .1,1110111 

axial-momentum tare force due 
to bellows (see appendix), lbf 

/V;il 

thrust of calibration nozzle (see 
appendix), lbf 


gross thrust. (F 2 + /V 2 ) 1 / 2 . lbf 


ideal isentropic thrust (see 
appendix), lbf 

9 

standard acceleration of gravity 
(It/ « 32.174 ft/soo 2 ) 


throat height of simulated ramjet 
nozzle (see figs. 5 and 9), in. 

A: 

summation index (see appendix) 

1 

model reference length, 0 in. 

l„ 

nozzle reference length, distance 
from simulated turbojet nozzle 
throat to trailing edge of turbojet 
Hap (see tigs. r> and 9), (>.580 in*. 

M 

free-st ream Mach number 

My 

pitching moment 

til 

measured mass-flow rate, lbm/sec 


rrii 

ideal mass-flow rate, lbm/sec 

N 

normal force measured by bal- 
ance. positive in up direction for 
model as shown in figure 2. lbf 

A r Re 

Reynolds number for characteris- 
tic length (see appendix) 

(NPR)rj 

nozzle pressure ratio of simulated 
ramjet nozzle. Ptj^j/Pa for 
A7 = 0 and Ptj^iu/Poo for M > 0 

(NPR)t.i 

nozzle pressure ratio of simulated 
turbojet nozzle, Ptj,Tj/Pa tor 
M = 0 and p t j t tj/Poo for M > 0 

V 

local static pressure, psia 

Pa 

atmospheric pressure, psia 

Pc 

local static pressure in metric 
break, station 24.000 in. (see 
appendix), psia 

Pt.j.lU 

jet total pressure of simulated 
ramjet nozzle, psia 

Pt.j. T.I 

jet total pressure of simulated 
turbojet nozzle, psia 

Poo 

free-st ream static pressure, psia 

( lo c 

free-stream dynamic pressure, 
psia 

R 

gas constant for air. 53.3 
ft-lbf/lbm-°R 

T t,j. RJ 

jet total temperature of simu- 
lated ramjet nozzle (assumed to 
be same as T t j y j)« °R 

T Uj. T.I 

jet total temperature of simu- 
lated turbojet nozzle, °R 

X 

axial distance from simulated 
turbojet nozzle throat (see figs. 5 
and 9). positive downstream, in. 

ft 

boattail angle of simulated 
ramjet nozzle lower flap (see 
figs. 5 and 9). deg 

1 

ratio of specific heats, 1.3997 for 
air 

a 

effective' jet -flow turning angle', 
positive' in dire'etion of positive 
normal force' (downward jet -flew 
vector), tan ^ , de'g 
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t] internal turning angle of sim- 

ulated ramjet nozzle flap for 
MERN configurations (see fig. 5), 
deg 

0 internal turning angle of flow 

splitter of simulated ramjet 
nozzle for MERN configurations 
(see fig. 5), deg 

cr upstream divergence angle of 

flow splitter of simulated ramjet 
nozzle for CCN configurations 
(see fig. 9), deg 

<t> downstream divergence angle of 

flow splitter of simulated ramjet 
nozzle for CCN configurations 
(see fig. 9). deg 

Abbreviations: 

CCN composite contour nozzle 

MERN multiple-expansion ramp nozzle 

RJ ramjet 

TJ turbojet 

Apparatus and Procedure 

Wind Tunnel 

This investigation was conducted in the Langley 
16-Foot Transonic Tunnel, which is a single-return, 
continuous-flow, exchange-air-cooled, atmospheric- 
pressure wind tunnel with an octagonal, slotted- 
throat test section. The tunnel has a continuously 
variable airspeed up to a Mach number of 1.30. A 
detailed description of this wind tunnel is given in 
references 8 and 9. 

Models 

A possible proposed installation of an isolated 
combined t urbojet /ramjet propulsion system on the 
bottom aft surface of a hypersonic aircraft is shown 
in figure 1. Both the multiple-expansion ramp nozzle 
and the composite contour nozzle are depicted in this 
figure and in figure 2, which shows the orientation of 
force and moment vectors. Figure 3 gives the general 
arrangement of the isolated nacelle model, support 
system, and the two families of nozzles tested. The 
nozzles were oriented on the support strut such that 
the ramjet lower flap was not in the wake of the strut. 
Since the Langley 16-Foot Transonic Tunnel has a 
floor-mounted support strut, it was necessary when 
testing for the nozzles to be rolled 180° (i.e., inverted) 
from the orientation indicated in figure 1, as shown 
in figure 3. 


It is noted that the simulated turbojet portion of 
the nozzles was not changed for this investigation. 
Along with other geometric variables, the simulated 
ramjet nozzles had two throat sizes. The smaller 
throat size represented the case in which the air was 
flowing through the ramjet with or without combus- 
tion. The larger throat size represented the case in 
which a large volume of air without combustion was 
flowing through the ramjet in order to fill the nozzle 
region and thereby reduce base drag. Also, configu- 
rations were tested that represented no flow through 
the simulated ramjet nozzle. 

Multiple-expansion ramp nozzle. A photograph 
of the MERN with minimum ramjet throat area in- 
stalled in the tunnel is shown as figure 4. Figure 5 
gives the dimensions of the two MERN configura- 
tions, that is, the minimum and maximum ram- 
jet throat areas. These configurations represent the 
range of variable- geometry throat settings used dur- 
ing the acceleration, cruise, and deceleration modes 
of flight operations. Photographs of the two MERN 
configurations with their left sidewall removed are 
shown as figures 6 and 7. 

Composite contour nozzle. A photograph of one 
of the 11 CCN configurations is shown as figure 8. 
Figure 9 gives the dimensions of the CCN configu- 
rations. In addition to the minimum and maximum 
ramjet throat areas as discussed for the MERN, the 
CCN also had variable ramjet flap positions in or- 
der to contour the exhaust for the reduction of over- 
expansion losses. The CCN was studied with two 
types of sidewalls. The original sidewall concept was 
designated as the V-notch sidewall, and a proposed 
lighter-weight concept was designated as the cutback 
sidewall. Photographs of the 11 CCN configura- 
tions with their left sidewall removed are shown as 
figures 10 through 20. 

Jet-Exhaust Simulation 

For jet-exhaust simulation, an external high- 
pressure air system provided a continuous flow of 
clean, dry air at a maximum pressure of 105 psia 
and a controlled temperature of nominally 540° R 
ahead of the nozzle throat. As shown in figure 3, 
this high-pressure air was brought through the sup- 
port sting and strut into a high-pressure plenum and 
was then introduced, through eight sonic nozzles, ra- 
dially into the metric portion of the model to mini- 
mize incoming axial momentum. Two flexible metal 
bellows provided an air seal between the metric and 
nonmetric portions of the nacelle. Finally, the air 


3 



traveled through choke plates into stagnation cham- 
bers and expanded through the nozzle configuration 
being tested. 

Since only a single supply of compressed air was 
available, choke plates of differing porosity were used 
to regulate the airflows through the simulated turbo- 
jet and ramjet nozzles. Porosity refers to the percent- 
age of flow area relative to the duct cross-sectional 
area. Only one choke plate was used for the simu- 
lated turbojet nozzle and it had a porosity of 49 per- 
cent. A choke plate with zero porosity was used in 
the ramjet nozzle, which represented the case of the 
ramjet being bypassed; a choke plate with 21-percent 
porosity was used in the ramjet nozzle having mini- 
mum throat area; and a choke plate with 40-percent 
porosity was used in the ramjet nozzle having maxi- 
mum t hroat area. 

Instrumentation 

Metric model forces and moments were measured 
by a three-component strain-gauge balance. Jet to- 
tal pressure and total temperature were measured 
by probes mounted in the instrumentation section 
as shown in figure 3. Rows of static-pressure ori- 
fices were on the centerline of the internal surfaces of 
the turbojet and ramjet nozzle flaps and on both the 
surfaces of the flow splitter. There was also a row of 
static-pressure orifices on the centerline of the exter- 
nal surface of the ramjet nozzle flap. Table I gives the 
pressure orifice locations for the MERN with mini- 
mum ramjet throat area, and table II gives the pres- 
sure orifice locations for the MERN with maximum 
ramjet throat area. The pressure orifice locations 
for all configurations of the CCN are given in ta- 
ble III. Static pressures in the gap at the metric break 
(station 24.000 in.) were obtained from 16 orifices 
distributed around the perimeter of the gap. 


Test Conditions and Procedure 

This investigation was conducted in the Langley 
16-Foot Transonic Tunnel, where each nozzle configu- 
ration was tested at tunnel static conditions (M = 0) 
and at free-stream Mach numbers of 0.60, 0.90, and 
1.20. Angle of attack was held constant at 0° for all 
tests. This angle was corrected for the 0.1° average 
upflow angle determined by previous experiments. 
Simulated turbojet nozzle pressure ratio was varied 
from 1.0 (jet off) to approximately 20 depending on 
free-stream Mach number and nozzle configuration. 

In accordance with the criteria of reference 10, 
boundary-layer transition strips were used to ensure 
a turbulent boundary layer over the afterbody and 
the nozzle. A 0.10-in-wide strip of No. 100 silicon 
carbide grit, sparsely distributed in a lacquer film, 
was located 1.00 in. from the nose of the model. 
The average Reynolds number per foot varied from 
3.25 x 10 6 at a Mach number of 0.60 to 3.90 x 10 6 at 
a Mach number of 1.20. 

Figure 21 presents a representative schedule of 
nozzle pressure ratio with Mach number for a typ- 
ical supersonic cruise turbojet engine operating at 
maximum thrust. This schedule, previously given in 
reference 11. was obtained from unpublished industry 
sources and is presented to indicate probable operat- 
ing nozzle pressure ratio (NPR) versus Mach number 
values for use with the present data. 

The data reduction used in this investigation is 
described in the appendix. 

Presentation of Results 

The results of this investigation are presented 
graphically in figures 22 through 44. Figures 24 
through 31 show the force and moment data; fig- 
ures 32 through 44 show the pressure distribution 
data. A list of data figures follows: 


Variation of (NPR)rj with (NPR)tj 

Variation of total discharge coefficient with (NPR)tj 

Effect of ramjet throat area on characteristics of MERN 

Effect of ramjet flap position on characteristics of CCN with minimum ramjet 

throat area and V-notch sidewalls 

Effect of ramjet flap position on characteristics of CCN with minimum ramjet 

throat area and cutback sidewalls 

Effect of sidewalls on characteristics of CCN with minimum ramjet 

throat area and ramjet flap 3 

Effect of ramjet flap position on characteristics of CCN with maximum 

ramjet throat area and V-notch sidewalls 

Summary of performance comparisons for selected configurat ions 


Figure 

22 
. 23 

. 24 


25 

26 
27 
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28 

29 



Characteristics of CCN with maximum ramjet throat area, ramjet flap 2. 
and cutback sidewalls 

Effect of throat area and sidewalls on characteristics of CCN with 
blanked-off ramjet and ramjet flap 3 

Pressure ratio and pressure coefficient distributions of MERN 
with minimum ramjet throat area 

Pressure ratio and pressure coefficient distributions of MERN 
with maximum ramjet throat area 

Pressure ratio and pressure coefficient distributions of CCN with minimum 
ramjet throat area, V-notch sidewalls, and ramjet flap 1 

Pressure ratio and pressure coefficient distributions of CCN with minimum 
ramjet throat area, V-notch sidewalls, and ramjet flap 2 

Pressure ratio and pressure coefficient distributions of CCN with min imum 
ramjet throat area, V-notch sidewalls, and ramjet flap 3 

Pressure ratio and pressure coefficient distributions of CCN with minimum 
ramjet throat area, cutback sidewalls, and ramjet flap 1 

Pressure ratio and pressure coefficient distributions of CCN with minimum 
ramjet throat area, cutback sidewalls, and ramjet flap 2 

Pressure ratio and pressure coefficient distributions of CCN with minimum 
ramjet throat area, cutback sidewalls, and ramjet flap 3 

Pressure ratio and pressure coefficient distributions of CCN with maximum 
ramjet throat area, V-notch sidewalls, and ramjet flap 1 

Pressure ratio and pressure coefficient distributions of CCN with maximum 
ramjet throat area, V-notch sidewalls, and ramjet flap 2 

Pressure ratio and pressure coefficient distributions of CCN with maximum 
ramjet throat area, V-notch sidewalls, and ramjet flap 3 

Pressure ratio and pressure coefficient distributions of CCN with maximum 
ramjet throat area, cutback sidewalls, and ramjet flap 2 

Pressure ratio and pressure coefficient distributions of CCN with blanked-off 
ramjet and ramjet flap 3 


30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 


Discussion of Results 


The flow through the simulated turbojet nozzle 
appeared to be choked throughout the test range. 
This condition represents a realistic simulation of 
flight operations in which the turbojet engine would 
be providing thrust in this Mach number range and 
the ramjet engine would be either in a noncombust- 
ing mode or a partial-combusting mode. For the sim- 
ulated ramjet nozzles of this investigation, the flow 
passed through orifices in a choke plate. Although 
these orifices initiated discrete parallel jets, the dis- 
tance from the orifice to the simulated ramjet nozzle 
throat divided by the orifice diameter, the result be- 
ing approximately 57, implied uniform flow across 
the duct (ref. 12). 


A review of the data indicated that variation 
of ramjet nozzle pressure ratio (NPR) rj and total 
discharge coefficient m/m,- with (NPR) TJ for the 
MERN and the CCN configurations of this test de- 
pended only on throat area. Therefore, (NPR) rj 
and m/m,- can be presented uniquely for the two 
throat areas at each Mach number representative of 
all configurations tested. Figure 22 gives the varia- 
tion of (NPR) R j as a function of turbojet nozzle pres- 
sure ratio (NPR)tj for the two ramjet throat areas. 
The variation of rh/m,- (the discharge coefficient) for 
the two ramjet throat areas is shown in figure 23. 
This figure indicates that the discharge coefficient for 
the nozzles with the smaller simulated ramjet throat 
area was very high, near unity, whereas the discharge 
coefficient for the nozzles with the larger simulated 
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ramjet throat area was rather low, near 0.81 at all 
Mach numbers. Therefore, it can be concluded that 
the discharge coefficient for the NPR's investigated 
is independent of nozzle type tested. Mach number, 
and nozzle pressure ratio: and it varies inversely with 
ramjet nozzle throat area for the nozzles tested. 

An estimate of mass-flow split between the turbo- 
jet and ramjet nozzles was calculated using the mea- 
sured total mass-flow rate and the ideal mass-flow 
rate through the turbojet nozzle. These values are 
presented in table IV. 

Force and Moment Data 

The force and moment data are shown in fig- 
ure's 21 through 28 and in figures 30 and 31. 
These' figure's show the variation e)f axial-force ra- 
tio. normal- force coefficient. pitching-moment coef- 
ficient. gre)ss thrust ratio, and effective turning an- 
gle. all as a function of simulated turbojet nozzle 
pressure ratio. Of primary importance is axial-force 
ratio (F - D n )/F r which inelicates performance at 
winel-on (A/ > 0) cemelitiems. All elata are displayed 
at Mach numbers of 0. 0.60. 0.90, and 1.20, except 
for gre>ss thrust ratio and effective jet turning angle 
which could be measured only at static conditions. 
Figure 29 is a summary comparison of selected data. 

Multiple-expansion ramp nozzle (MERN). The 

two tost configurations of the MERN design (see 
fig. f> and table V(a)) had different simulated ram- 
jet throat areas. It is noted that since the turbo- 
jet nozzle throat area remains constant throughout 
the experiment, the term “throat area refers to the 
ramjet nozzle throat area. The effects of throat 
area on the aeropropulsive performance characteris- 
tics (aerodynamic quantities affected by propulsion) 
of the MERN (see figs. 6 and 7) are shown in fig- 
ure 21. The internal thrust performance F / F t at 
A/ = 0 (fig. 24(a)) was essentially the same for both 
throat areas. However, a difference due to throat 
area can be seen for axial-force ratio (F — IJ n ) / F t 
(fig. 21(a)). This difference increases with increas- 
ing Mach number and is approximately 11 percent 
for (NPR)t.J — 7 A/ = 1.20. The MERN design 
of the current investigation is similar in geometry to 
typical single-expansion ramp nozzle designs (ref. 13) 
that have exhaust-flow containment on one side of the 
nozzle and free exhaust -flow expansion on the other 
sit It'. The thrust performance of nozzles with free- 
expansion boundaries (single-expansion ramp. plug, 
and wedge nozzles) will be sensitive to ext ernal-How 
('fleets at forward speeds. Thus, some of the axial- 
lbree-ratio differences shown in figure 24 for M > 0 
may be caused by external-flow effects. However. 


most of the axial- force- ratio variation with throat 
area is believed to be caused by differences in ex- 
ternal drag on the two flap configurations tested. It 
is apparent that the nozzle with the smallest throat 
area (with the largest boattail angle (3) has the lowest 
values of axial-force ratio at forward speeds. 

The pressure data for the external surface of the 
ramjet flap, shown in figures 32 and 33. indicate that 
the external flow 7 over both the minimum and max- 
imum throat area flaps was separated. In addition, 
both flaps had nearly identical pressure distributions, 
particularly at A/ = 0.90 and 1.20. However, the ax- 
ial projected area of the minimum throat area flap 
is approximately 60 percent larger than that of the 
maximum throat area flap. Thus, the external drag 
on the minimum throat area flap is also approxi- 
mately 60 percent higher than that on the maximum 
throat area flap. This increased drag would partially 
account for the lower axial-force-ratio performance 
of the minimum throat area configuration at forward 
speeds. 

The trends of normal-force coefficient (' N 
(fig. 24(b)) are very similar for both throat areas with 
the most negative value occurring at (NPR)tj ^ "> 
for all Mach numbers, a result apparently due to 
the maximum b occurring at this (NPR)tj- 
fig. 24(d).) Normal-force coefficient becomes less neg- 
ative with increasing Mach number since (\\ due to 
aerodynamics is overpowering (\\ due to the nor- 
mal component of thrust at increasing Mach number. 
Likewise, the trends of pitching-moment coefficients 
C rn are naturally similar with the largest value at 
(NPR)t.J « 5 . and this value decreases with increas- 
ing Mach number (fig. 24(c)). Since the projected 
normal area of the nozzle does not vary greatly with 
throat area, large changes in (\\ and ( \ n would not 
be expected to occur. Although angle of attack rv was 
held constant at 0°, and (\ n were nonzero values 
because of the unsymmetrical design of the nozzles. 

At static conditions ( M = 0), two additional pa- 
rameters were measured and given as follows: the ra- 
tio of gross thrust to ideal thrust F ( j/ F t and the effec- 
tive jet-flow turning angle b. References 13 through 
17 describe previous research conducted on unsym- 
metrical nozzles at static conditions. Figures 24(a) 
and 24(d) show that the value of F/F t is approxi- 
mately 4 percent less than F () /F t at (NPR)x.j ~ h 
(b = -17° highest turning angle achieved), which 
demonstrates that significant flow turning was de- 
veloped and that a loss in thrust results from that 
flow turning. This level of performance loss agrees 
with the calculation in which this loss is expressed as 
1 - cos b. 
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Composite contour nozzle (CCN). The test 
configurations of the CCN design involved two ram- 
jet throat areas, three ramjet flap positions, and two 
types of sidewalls. (See fig. 9 and table V(b).) 

The effects of ramjet flap geometry on the aero- 
propulsive characteristics of the CCN with minimum 
ramjet throat area and V-notch sidewalls (see figs. 9 
through 12) are shown in figure 25. There is an effect 
of ramjet flap geometry on F / F % with flap 3 generally 
having the highest level of static performance. Large 
fluctuations of 8 occurred for all ramjet flap configu- 
rations (fig. 25(d)). The largest turning angles were 
measured for ramjet flap 2. The pressure data for the 
ramjet side of the flow splitter and internal surface 
of the ramjet flap shown in figures 34, 35, and 36 in- 
dicate shocks and regions of exhaust-flow separation 
in the CCN that vary in strength and location with 
(NPR)xj- Obviously, this unstable flow caused the 
erratic values of 8 as shown in figure 25(d), and this 
turning of the flow from the body axis resulted in 
a substantial axial- thrust loss, as well as a substan- 
tial increase in the magnitude of normal force and 
pitching moment. 

In addition to the effects of <5, both A e ,Rj/A t h rj 
and total A^th total also have an effect on the 

thrust. Since flap 2 has lower ^ e ,RjMth,RJ and 
^e. total A^th. total than flaps 1 and 3, it could be ex- 
pected to have a lower thrust loss due to less possible 
overexpansion than flaps 1 and 3 at low (NPR)xj. 
(See figs. 10, 11, and 12.) Even so, the configuration 
with flap 2 still generally had the lowest thrust per- 
formance throughout the Mach number test range. 
From the photograph shown in figure 11. it is obvi- 
ous that use of flap 2 will result in turning the jet flow 
away from the body-axis direction. This observation 
is confirmed from the fact that this configuration pro- 
duced the largest absolute values of 8 , C/v- and C m . 
Thus, large jet-flow turning losses were probably the 
cause for the low performance of this configuration. 
The axial-force ratio (F — D n )/Fi decreases with in- 
creasing Mach number for all configurations tested, 
a result probably due to the increasing drag on the 
lower surface flap of the ramjet. 

The effects of ramjet flap geometry on the char- 
acteristics of the CCN with minimum ramjet throat 
area and cutback sidewalls (see figs. 13, 14, and 15) 
are shown in figure 26. The trends for these data are 
the same as those noted for this configuration with 
the V-notch sidewalls. Therefore, it can be concluded 
that there is no significant difference in aeropropul- 
sive performance, and only minor differences in 
the other characteristics, resulting from substitution 
of the cutback sidewalls for the V-notch sidewalls. 


Figure 27 is given as an example that illustrates data 
affected by sidewall geometry for all configurations 
tested. 

The effects of ramjet flap geometry on the aero- 
propulsive characteristics of the CCN with maximum 
ramjet throat area and V-notch sidewalls (see figs. 16, 

17, and 18) are shown in figure 28. At M ~ 1.20, the 
three flap geometries gave essentially the same thrust 
ratio results. Values of the normal-force coefficients 
and pitching-moment coefficients are similar to those 
of the minimum throat area configuration, except 
that they are smaller in magnitude. The lower mag- 
nitudes are probably caused by less jet-flow turning 
for the large A^rj configurations. (See fig. 28(d).) 
This lower jet turning angle is due to the reduced 
angle of the ramjet flap that is required to increase 
the ramjet throat angle. (Compare figs. 11 and 17.) 

From a comparison of figures 25(a) and 28(a), it 
can be concluded that, generally, the configurations 
with the minimum throat area produce the higher 
aeropropulsive performance for the composite con- 
tour nozzle at Mach numbers less than or equal to 
0.90. However, at a Mach number of 1.20, the con- 
figurations with the maximum throat area produced 
the higher performance. 

A comparison of figures 25(a) and 28(a) leads to 
the conclusion that for the entire Mach numbers and 
nozzle pressure ratios tested, the highest aeropropul- 
sive performance of the composite contour nozzle was 
obtained with the straight ramjet divergent flap (that 
is, RJ flap 3 as shown in figs. 9(b), 12, and 15). 

From a comparison of figures 24(a), 25(a), and 
28(a), it can be concluded that at M < 1.20, the 
performance of the composite contour nozzle was 
higher than that of the multiple-expansion ramp 
nozzle, especially for the minimum ramjet throat 
area configurations. At M — 1.20 the performance 
was essentially the same. This result is summarized 
in figure 29. 

The aeropropulsive characteristics of the CCN 
with maximum ramjet throat area (RJ flap 2) and 
cutback sidewalls (see fig. 19) are shown in figure 30. 
As expected, these data are the same as those for 
the configuration with ramjet flap 2 and V-notch 
sidewalls. (See fig. 28.) 

Figure 31 shows the aeropropulsive characteris- 
tics of the CCN with ramjet flap 3 (see figs. 12, 15, 

18, and 20) and a blank plate in place of the choke 
plate at the entrance to the simulated ramjet noz- 
zle. This arrangement simulated conditions in which 
the ramjet inlet would be bypassed for turbojet-only 
operation. The geometric variables for this set of 
configurations were minimum and maximum simu- 
lated ramjet throat area and V-notch and cutback 
sidewalls. Although there is no flow through the 
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simulated ramjet throat, the geometries of the noz- 
zles are considerably different, as can be seen by com- 
paring figures 12 and 18. The variation of axial-force 
ratios F/F \ and (F - D n )/ F^ was only slightly af- 
fected by both ramjet throat area and the sidewall 
type. The variation of normal-force coefficient C yv 
and all the values related to this parameter, such as 
C m , Fg/Fi . and 6, displayed somewhat more depen- 
dence on both the ramjet throat area and the sidewall 
type. It is noted that most variations occurred at 
wind-on conditions (M > 0). Therefore, it appears 
that the boattail angle of the simulated ramjet noz- 
zle {ft = 14.7° for the minimum ramjet throat area 
and ft = 7.2° for the maximum ramjet throat area) 
is the predominant geometric cause of data variation 
between these four nozzle configurations. 

Pressure Data 

The pressure data are presented in figures 32 and 
33 for the MERN configurations and in figures 34 
through 44 for the CON configurations. Data are 
presented for Mach numbers of 0, 0.60, 0.90, and 
1.20 over a (NPR)xj range from 1.0 (jet off) to the 
maximum value depending on nozzle geometry and 
Mach number. The jet-off condition pertains only to 
the C p plots of figures 32 through 43. Pressures on 
the external surface of the ramjet flap are presented 
as C p versus x/l n , where x is the distance down- 
stream from the turbojet throat and l n is the length 
of the turbojet flap from the throat to the trailing 
edge. (See figs. 5 and 9.) The internal pressures 
are presented as ratios of p/ptj (where the jet to- 
tal pressure p t j is either for the ramjet or turbojet) 
versus x/l n . For the MERN with minimum ramjet 
throat area, the turbojet throat is located at station 
49.200 in. (, x/l n = 0.000) and the ramjet throat is 
located at station 45.700 in. [x/l n = -0.532). For 
the MERN with maximum ramjet throat area, the 
turbojet throat is still located at station 49.200 in., 
but the ramjet throat is located at station 45.300 in. 
{x/l n = -0.593). (See fig. 5.) For all CON con- 
figurations, the turbojet throat is located at station 
48.700 in. ( x/l n = 0.000) and the ramjet throat is 
located at station 47.000 in. (x/l n = 0.258). (See 
fig. 9.) 

The pressure data in figure 44 are for the special 
cases of four CCN configurations when the ramjet 
portion of the nozzle was blanked off. The data are 
presented for Mach numbers of 0.60. 0.90, and 1.20 
over a (NPR)x.j range from 1.0 to some maximum 
value depending on nozzle geometry and Mach num- 
ber. Only t he internal pressures for the turbojet are 
presented since the ramjet was blanked off for those 
cases. 


Multiple-expansion ramp nozzle. As can be seen 
in figures 32 and 33, all the internal pressure ori- 
fices of the simulated turbojet portion of the noz- 
zle are located downstream of the geometric throat 
(turbojet nozzle throat at x/l n = 0.000). The pres- 
sure ratio p/ptj at the first static orifice location is 
less than the ratio p/pt,j — 0.528 (the choke con- 
dition at the turbojet throat) and indicates that 
the flow was choked at the turbojet throat for all 
(NPR)tj values. However, for the MERN with 
minimum ramjet throat area, shock-induced sepa- 
ration occurs shortly downstream of the throat for 
(NPR) T j = 2.89 at M — 0, and this separation 
moves downstream as NPR is increased and becomes 
fully attached at (NPR) T j = 18.73 and M = 1.20. 
Comparing the data for the internal surfaces of the 
turbojet shows that there is very little effect of Mach 
number or ramjet throat area on these pressures 
when the flow is choked and attached. 

All the pressure orifices on the ramjet side of 
the flow splitter and flap interior surface are located 
downstream of the ramjet throat (x/l n = —0.532 and 
—0.593 for minimum and maximum ramjet throat 
area, respectively). On the ramjet side of the split- 
ter, the flow was choked upstream of the first pressure 
measurement (probably near or slightly upstream of 
the geometric throat) and supersonic flow existed on 
the splitter. A series of exhaust-flow compressions 
and expansions occurred as the flow progressed down 
the duct. During the compression that occurred be- 
tween x/l n — —0.20 and x/l n — —0.04 on the min- 
imum ramjet throat area configuration, the exhaust 
flow became subsonic [p/ptj rj > 0.528) for the low- 
est values of (NPR)xj tested (e.g., (NPR)xj < 5-74 
at M — 0.60). Except for (NPR)tj = 2.87 where 
the exhaust flow remained subsonic throughout the 
remainder of the duct at M — 0.60 and 0.90, the en- 
suing expansion generally caused supersonic exhaust 
flow on the downstream portion of the splitter. 

Since subsonic flow does not occur on the internal 
side of the ramjet flap except at (NPR)xj — 2.87, 
a subsonic-flow bubble (surrounded by supersonic 
flow) exists on the ramjet splitter at some values of 
(NPR)tj. Reference 18 describes the formation of 
subsonic-flow bubbles in supersonic flow. A similar 
phenomenon is indicated on the splitter for the max- 
imum ramjet throat area configuration, except that 
the subsonic-flow bubble has moved downstream and 
becomes smaller. From the pressure distributions 
shown on the internal surface of the minimum ram- 
jet throat area flap (fig. 32), it is obvious that the 
exhaust flow did not choke at the geometric throat 
but at a downstream station near x/l n = -0.40. 
Thus, the actual ramjet throat for the minimum 
throat area configuration did not coincide with the 
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geometric throat but was canted inside the duct. For 
the maximum throat area configuration (fig. 33), this 
was not the case since the exhaust flow is choked 
upstream of the first measured pressure. Once the 
flow was choked in the minimum ramjet throat area 
duct, the flow expanded supersonically until a shock- 
induced separation occurred near x/l n = —0.28. On 
the flap of the maximum throat area ramjet duct 
(fig. 33), a single compression occurred downstream 
of the throat followed by a supersonic-flow expansion. 
For the maximum ramjet throat area configuration, 
exhaust flow remained attached to the ramjet flap for 
all values of (NPR) TJ above approximately 5. 

Although the boattail angle of the ramjet flap was 
different for the MERN with minimum and maxi- 
mum ramjet throat area (42.5° and 26.1°, respec- 
tively), the magnitude of the external-flap pressures 
remains nearly the same for both configurations at 
M = 0.90 and 1.20. Therefore, since previous exper- 
imentation (ref. 19) indicates that the largest possible 
boattail angle without separation (at the current test 
Mach numbers) is in the range from 18° to 20°, it is 
expected that the flow over both flaps is totally sepa- 
rated. Even at M ~ 0.60, the flow along the exterior 
of the ramjet flap of the MERN with the minimum 
ramjet throat area (/? = 42.5°) appears totally sepa- 
rated. At this Mach number, some pressure recovery 
(an increase in C p with increasing x/l n ) should oc- 
cur if the external flow were attached to the flap. At 
jet-on conditions, the external flow again appears to 
be separated from the flap. Therefore, it can be con- 
cluded that for both configurations of the MERN, 
flow separation was present on the external surface 
of the ramjet flap. 

Composite contour nozzle . Figures 34 through 
44 show internal pressure distributions on the CCN 
nozzle. As in the case of the MERN, all the internal 
pressure measurements for the turbojet portion of the 
CCN nozzle are downstream of the turbojet geomet- 
ric throat. Also, the discussion of pressure distribu- 
tion in the turbojet portion of the MERN configura- 
tions applies to the CCN configurations. All the pres- 
sure orifices on the ramjet side of the flow splitter and 
flap interior surface are located downstream of the 
ramjet geometric throat (x/l n = -0.258). Two dis- 
tinct pressure distribution profiles are evident for the 
ramjet side of the flow splitter. For the CCN config- 
urations with the minimum ramjet throat area, there 
was a pressure rise near the trailing edge caused by a 
shock recompression that is characteristic of an over- 
expanded (too large A c>R j/j4 thiR j) nozzle operation. 
For the CCN configurations with the maximum ram- 
jet throat area, the pressure distribution decreases 
throughout the ramjet duct, an indication of flow 


expanding supersonically along the entire length of 
the flow splitter. For both throat areas, the exhaust 
flow appears to choke (become sonic) on the split- 
ter at a location near or slightly downstream of the 
geometric throat location. 

The pressure distributions on the internal sur- 
face of the CCN ramjet flap indicate that the ex- 
haust flow chokes upstream of the first pressure mea- 
surement for both throat areas tested. Supersonic 
flow characterized by a series of flow expansions and 
compressions exists on the entire length of the in- 
ternal ramjet flap. An exception to this result can 
be noted for the lowest values of (NPR) X j tested 
for which subsonic flow existed over the aft por- 
tion of the flap ((NPR)xj = 2.87 in fig. 34(b)). 
Some of the ramjet flap distributions indicate shock- 
induced flow separation ((NPR) T j = 3.82 and 4.78 
in fig. 34(b)) and subsonic-flow bubbles embedded in 
the supersonic-exhaust flow field ((NPR) XJ = 3.64 
in fig. 35(b), for example). 

The external C p distributions shown in figures 34 
through 43 are typical. Some pressure recovery is 
evident at M = 0.60 and 0.90. Jet effects are small 
but feed relatively far forward in the separated flow 
over the ramjet flap for subsonic flow (M = 0.60 and 
0.90). At M = 1.20, jet effects are small and limited 
to the areas of the flap trailing edge since pressure 
disturbances do not propagate upstream in super- 
sonic flow. Large increases in C p near the trailing 
edge of the flap (the farthest aft pressure measure- 
ment) could be caused by shock-induced separation 
or by slight movement of the terminal shock with 
NPR. 

There was no significant difference in the pressure 
distributions between the CCN configurations with 
V-notch sidewalls and those with cutback sidewalls. 
This can be seen in the comparison of figure 34 with 
37, 35 with 38, and 36 with 39 for minimum ramjet 
throat area and in figure 40 with 41 for maximum 
ramjet throat area. 

The pressure distributions on the turbojet side 
of the flow splitter and the internal surface of the 
turbojet flap are shown in figure 44 for the special 
case in which the flow inlet to the ramjet nozzle is 
blanked off. This figure shows that the effects of both 
sidewalls (i.e., V-notch or cutback) and the ramjet 
throat area are insignificant. 

Conclusions 

An investigation has been conducted in the Lang- 
ley 16-Foot Transonic Tunnel to determine the aero- 
propulsive performance characteristics of two fami- 
lies of isolated combined turbojet /ramjet nozzle con- 
figurations. This investigation was conducted at 
static conditions and at Mach numbers M of 0.60, 
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0.90, and 1.20 over a nozzle pressure ratio range from 
1.0 (jet off) to approximately 20 while angle of attack 
was held constant at 0°. The results of this investiga- 
tion indicated the following conclusions for the Mach 
number range tested: 

1. The discharge coefficient was independent of 
the nozzle type tested, Mach number, and nozzle 
pressure ratio: and it varied inversely with the ramjet 
nozzle throat area for the nozzles investigated in this 
experiment. 

2. Increasing the ramjet throat area of the 
multiple-expansion ramp nozzle (MERN) produced 
an aeropropulsive performance increase that in- 
creased with Mat'll number. 

3. Some configurations of the composite contour 
nozzle (CCN) generated large values of effective jet- 
flow turning angle at static conditions. This turning 
of the flow from the body axis resulted in a substan- 
tial thrust loss, as well as substant ial increases in the 
magnitude of normal force and pitching moment. 


4. No significant difference in aeropropulsive per- 
formance of the CON was observed by substituting 
the cutback sidewalls for the V-notch sidewalls. 

5. Generally, the minimum ramjet throat area 
produced the higher aeropropulsive performance for 
the OCN at M < 0.90. However, at M = 1.20. the 
maximum ramjet throat area produced the higher 
performance. 

6. Throughout the entire Mach number and noz- 
zle pressure ratio regime, the highest aeropropulsive 
performance of the CON was obtained with a straight 
ramjet divergent Hap (position 3). 

7. At M < 1.20. the performance of the CCN was 
higher than that of the MERN: but at M — 1.20, the 
performance was essentially the same. 


NASA Langley Research (’enter 
Hampton, VA 23005-5225 
April 13. 1988 
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Appendix 

Data Reduction 

All data from the instrumentation of the air- 
craft nozzle model and the wind-tunnel facility were 
recorded simultaneously on magnetic tape. For each 
data point, 50 frames of data were taken over a pe- 
riod of 5 sec and the average value was used for com- 
putation of standard force, moment, and pressure 
coefficients. 

However, before experimental testing of the 
MERN and CON configurations could begin, it was 
necessary to conduct a calibration to determine axial- 
momentum tare force. Axial-momentum tares were 
evaluated by statically (M = 0) testing several Strat- 
ford calibration nozzles (ref. 20) over the range of 
supply pressures, mass-flow rates, and throat areas 
intended for the test nozzles. Reference 12 shows the 
geometry of these calibration nozzles and gives their 
well-established values of F ca ]/iq and rn/rri z -. There- 
fore. this evaluation took the form 

^A,mom ~ ^A,bal ~ ^cal (1) 


the relationship 

16 

F~Dn= i^.bal + (Pc.fc " Poo) A Ctk + £>/, aft - F A<mom 
k = 1 

(3) 

The pressure-area term corrects for the force on 
the front face of the metric afterbody caused by dif- 
ferences between the cavity pressure p c in the metric 
break and free-stream pressure p^. Even though 
experience with this model has shown cavity pres- 
sures to be extremely uniform, 16 orifices were used 
in these tests to determine this balance-correction 
term. 

The term Dj ^ t is the friction drag of the metric 
afterbody (stations 24.000 to 43.700 in.) ahead of 
the nozzle, which must be restored to the balance 
reading since this force is not associated with the 
nozzle. Aerodynamic skin-friction drag coefficients 
C D j were computed from the flat-plate formula for 
the turbulent, compressible boundary layer given in 
reference 21 and modified by the factor A wet /A max . 
Thus. 


The value of ih4, mom determined was used to 
correct for axial-momentum and bellows tare forces 
caused by the high-pressure air flowing from the non- 
metric high-pressure plenum into the instrumenta- 
tion section through the eight small injection nozzles. 
(See fig. 3.) Although the air is injected radially and 
the flexible seals (metal bellows) are placed in tan- 
dem in an effort to eliminate such tares, small forces 
do arise in practice and must be taken into account. 
In the present investigation, these forces were gen- 
erally less than 2 percent of ideal thrust. In equa- 
tion (1), the term F^al represents the raw-balance 
output corrected for interactions and model weight 
tares. (See ref. 8.) At static conditions (M = 0) dur- 
ing testing of the MERN and CCN configurations, 
the thrust along body axis (F) was determined as 

^ ~ ^A.bal — ^h4,mom (2) 

In order to determine the thrust minus nozzle drag 
(F — D n ) during wind-on testing (M > 0) of the 
MERN and CCN. additional corrections were re- 
quired to isolate the sum of external and internal 
forces on the nozzle alone (model portion aft of sta- 
tion 43.700 in.), since the model strain-gauge balance 
(fig. 3) measures the sum of pressure and viscous 
forces on the entire metric afterbody (model por- 
tions aft of station 24.000 in.). The nozzle body- axis 
thrust-minus-drag performance was computed from 


c 


DJ 


0.472 

(1 + 0.2M2)0.467 (log 1{H V Re )2 58 


Twct 
-4 max 


(4) 


At each Mach number, Cpj was calculated for 
Reynolds number 7V Re and wetted area A wet corre- 
sponding to two different characteristic lengths on 
the model (fig. 3): (1) from the nose to the upstream 
end of the nozzle at station 43.700 in., and (2) from 
the nose to the metric-break station (24.000 in.). 
The difference between calculations (1) and (2) pro- 
vided the estimated skin-friction drag coefficient of 
the metric afterbody ahead of the nozzle. The value 
Df aft used in the correction of the balance data was 
then computed as the product of the above coeffi- 
cient. the model reference area at the correspond- 
ing test Mach number, and the free-stream dynamic 
pressure. 

Ideal thrust, defined as the product of measured 
mass flow and the ideal isentropic velocity, was 
obtained from the relation 


F x — rh 



J-H.j.TJ 


Poo 

Pt'j, TJ 


1-1 

7+1 


+ 


2 1 

1 - 1 


~Ti 


t,j, RJ 


Poo 

Pt.j.RJ 


7-1 

1 


(5) 
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Measured mass-flow rate m was obtained by us- 
ing the multiple critical venturi system described in 
reference 12. 

The ideal mass-flow rates for the test configura- 
tions were computed from stagnation pressure and 
temperatures measured in the tailpipe by using the 
choked-flow equation 


Pt.j. TJ^th.Tj) 


+ Ptj, RJ^th.RJ 


1 ■» ( 

2 1 

2+1 

|+-1 

RT t,j. TJ V 

1+1) 


/ 19 

(JL 

-r+l 

V RT t,j, RJ 

\i + 

i) 


( 6 ) 
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Table V. Geometric Details of the MERN and CCN Configurations 
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Drag 


Figure 2. Aircraft-oriented positive direction of thrust, drag, normal force, and pitching moment used in data 
presentation of this report. 
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ure 3. General arrangement of nacelle model and two families of nozzles tested. All linear dimensions are 
in inches. Model width is 6.000 in. 
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Figure 4. Installation of MERN with minimum ramjet throat area. 
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49.200 
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45.700 (Min. A thjRJ ) V Sidewall 

45. 3 00 ( M ax. A th ’ RJ ) 

Figure 5. Geometric sketch of two MERN configurations. Nozzle width is 4.400 in., A th-TJ = 3 - 300 in2 ^ and 
A eTJ = 6.690 in 2 . Exit areas represent vertical projections between flaps. All linear dimensions are in 
inches. This figure shows the nozzle rolled 180° from the test orientation in order to match the aircraft 
installation shown in figure 1. For additional clarification, see table V(a) and figures 6 and 7. 
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Figure 8. Installation of CCN with minimum ramjet throat area, V-notch sidewalls, and ramjet flap 3. 
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Figure 11. CCN with minimum ramjet throat area, V-notch sidewalls, and ramjet flap 2. ^ e ,RjMth,RJ 1.101, 
^e.TjMth.TJ — 2.109: ^e.totalMth, total = 1-647. 
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minimum ramjet throat area, cutback sidewalls, and ramjet flap 3. ^e.RjMth.RJ - 1101 
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;ure 19. CCN with maximum ramjet throat area, cutback sidewalls, and ramjet flap 2. 
- 4 e.RjMth.RJ = 1-101; ^e,Tj/-4th,TJ = 2.109: ^4 e , total Mth, total = 1-730. 
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MERN with minimum RJ throa 
MERN with maximum RJ throa 

CCN with minimum RJ throat ; 


CCN with maximum RJ throat « 
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(a) Variation of axial-force ratio with (NPR)tj- 
Figure 24. Effect of ramjet throat area on characteristics of MERN 


(b) Variation of normal-force coefficient with (NPR)tj 
F igure 24. Continued. 




(c) Variation of pitching-moment coefficient with (NPR)tj 
Figure 24. Continued. 
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(d) Variat ion of gross thrust ratio and effective jet turning angle with f N 1 ’ H)t.I • 

Figure 25. Concluded. 










(b) Variation of normal-force coefficient with (NPH)t.J 
Figure 27. Continued. 
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(d) Variation of gross thrust ratio and effective jet turning angle with (NPR) TJ . 

Figure 31. Concluded. 
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Figure 32. Continued 
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Figure 33. Continued. 
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Figure 33. Continued. 
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Figure 33. Concluded. 
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Figure 34. Continued. 
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gure 34. Continued. 
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Figure 34. Continued 
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Figure 34. Continued. 
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Figure 35. Continued. 
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Figure 35. Continued 
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Figure 35. Continued. 
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Figure 35. Concluded. 
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Figure 36. Continued. 
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Figure 36. Continued 
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Figure 37. Continued. 
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Figure 37. Continued. 





Figure 37. Continued. 
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gure 37. Continued. 




Figure 37. Concluded. 
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Figure 38. Continued. 








Figure 38. Concluded. 
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Figure 39. Continued. 
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gure 39. Continued. 
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Figure 40. Continued. 
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Figure 40. Continued 
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Figure 40. Continued. 
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Figure 40. Concluded 






nternai surface of RJ fla 


-> lONN 
I — C\J LD CD 

££ in CD CD 
Q_ 


fr 0 ^ 

CL CD 00 O) 

== C\j CO CO 


1 


1 

_ 4 

I 

h- 




f- 

. 








z 






__ 

— 

_ 


_ 









— 

— 

r ■ 

b- 

_ 



Zl 




i 





n 

z 







z 







_ 






































■ 

z 




t — 

~i — i — 

"ter- 

— j— r 

— - 

— 


i 

JL 






1 





. i 

~ | ra 

J_L 

1 


i 

~J ; 

— 1— !~f 
.-in 

— 1 »“ 


Figure 41. Continued. 
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Figure 41. Continued. 
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Figure 41. Continued 
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Figure 41. Continued. 
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Figure 42. Continued. 
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Figure 42. Continued. 




Jet off C 8.28 

4.10 D 9.60 

5.45 Q 11.10 

6.83 0 1 1 .70 



Figure 42. Continued 
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Figure 43. Continued. 





Figure 43. Continued 




Figure 43. Continued 













Figure 43. Concluded. 
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